Objectives: The aims of this investigation were to clarify the effects of finishing-time and 24 h water-storage on mechanical properties and marginal adaptation to dentin of seven modern luting cements, representing three chemical types. Methods: Bistite II, Chemiace II, Compolute, XenoCem, PermaCem, Fuji Cem and Fuji Plus were investigated with specimen sub-groups (n = 10) for each property measured. The principal series of experiments was conducted in dentin cavities with interfacial polishing either immediately (3 min) after setting or after 24 h water-storage. After the finishing procedure, the maximum marginal gap width and the opposing width (if any) per cavity were measured microscopically, and summed. Then the overall sum of gap-widths (per group; n=10) was calculated. Marginal gaps were similarly measured in Teflon cavities, together with shear-bond-strengths to dentin and early flexural strengths, moduli and swelling data. Results: For specimen-sets polished immediately after setting, summed marginal gaps of 23-121 µm were observed, for all luting cements except Compolute. A significantly different (p < 0.05) result of either no gap or 6-28 µm summed gap-widths occurred in specimens polished after 24 h. For all materials, their shear-bond-strengths, flexural strength and moduli significantly increased after 24 h storage. Significance: The marginal behavior can be interpreted in terms of the contributions of bonding, shrinkage, swelling and compliance of components, along with compositional features of the cements. With these types of cement it is generally inadvisable to polish the interfacial luting surface immediately after cementing. The polishing procedures should be carried out not less than 24 h later. One resin-cement was able to withstand immediate finishing.
INTRODUCTION
In clinical practice, there are now three main types of luting cement available. These are: resin composite, polyacid-modified resin composite (compomer), and resin-modified glass-ionomer cement (RMGIC).
Resin cements are produced in dual-polymerized formulations, which are indicated for restorations with material opacity sufficient to inhibit light energy from transmission to the cement [1] . Although light irradiance reaching the cement may often initiate the surface polymerization process, a self-cure chemical agent and some time is needed to ensure a maximal cure. Luting cements may also be used for luting metal castings or endodontic posts, where there is a need to maximize retention [2] . If the resin cement is not adequately polymerized, both the biological compatibility [3] and clinical performance [4] of the restoration may be affected.
RMGIC materials are unlike light-cured resin composites or conventional glass ionomer cements. These systems embody dual-setting processes consisting of photo-polymerization and an acid-base reaction. The final set material has glass particles sheathed in a matrix consisting of two networks, one derived from the resin, the other from a glass-ionomer type reaction [5, 6] .
Compomer materials are initially anhydrous, incorporating resin monomers and fluoroaluminosilicate glass filler. The acidic monomers ionize, following post-set water uptake, and then react with the glass filler to initiate an acid-base reaction, producing ionic cross-linking and fluoride release [7] . In these dual-setting systems, the resin-reinforcement produces higher bond strengths to dental tissues and enhanced mechanical strength. Thus RMGIC materials may exhibit improved bonding and marginal adaptation after 24 h water-storage [8, 9] .
Nevertheless, marginal gaps between tooth structure and luting cements are frequently created by the imbalance between polymerization shrinkage-stress of the cement and it's bond to the tooth structure [10] [11] [12] . Similarly, marginal gaps are often generated when restorative materials are used in tooth cavities due to the polymerization shrinkage of the restorative materials and their finite bond-strength to tooth structure [8, 9, [13] [14] [15] [16] . These gaps may act as sites for bacterial growth, which may cause pulpal irritation and consequent sensitivity [17] . The adaptation and bonding of the luting cement to the dentin is therefore of great significance for the luting of restorative materials or endodontic posts, and a major factor in achieving clinical success.
Gap-widths may be used directly as a parameter for restorative material bond-ability [14, 18] . However, the mean luting-cement film-thickness with indirect composite restorations was previously reported [12] as highly variable, ranging between 50-100 µm. Therefore, in the interests of eliminating uncontrolled variables in a scientific study, it is preferable to measure the marginal gap-widths for luting cements with them placed directly in tooth cavities of constant size, without the complicating presence of restorative-material inlays, and thus variable luting agent dimensions.
In the oral environment, luting cements must also withstand masticatory and parafunctional stresses. They must maintain their integrity while transferring stresses from crowns or fixed partial dentures to tooth structure, and these stresses vary markedly in different clinical situations.
Thus, thresholds in mechanical properties needed for success may vary considerably from case to case, with stronger luting cements being required where greater stresses are anticipated. Flexural test are appropriate to assess the mechanical properties of luting cements [12, 19, 20] . In previous studies, RMGICs and conventional glass-ionomer cements were proposed to improve their marginal seal by enhancement of their flexural strength during 24 h after light-activation [8, 9] . Appropriate elastic moduli and proportional limit values are also desirable [20] .
The principal aims of the present study, therefore, were to evaluate both marginal integrity of luting cements, of differing chemical types, and the early development of their flexural mechanical properties. An important clinical variable was to be assessed in this connection:
namely, the effect on these properties of an immediate versus a 24 h -delayed finishing procedure.
Hence, a major hypothesis to be tested was that premature finishing would significantly reduce marginal integrity, relative to delayed finishing. Several additional properties, including shear-bond-strengths, were also to be measured, to further elucidate the effects of water-uptake over 24 h upon intrinsic and interfacial material behavior, and to discriminate between the different material types.
MATERIALS AND METHODS
The sources, compositional details and classification of the seven luting cements used in this study, together with their dentin pre-treatment agents, are summarized in Tables 1and 2. All procedures were performed in accordance with the manufacturers' instructions. Capsules of Compolute and Fuji Plus were triturated using a high-speed mixer (Silamat, Vivadent, Schaan, Liechtenstein) for 10 s. For light activation, a curing unit (New Light VL-II, GC, Tokyo, Japan; optic diameter: 8 mm) was used. The light intensity was checked immediately before each application to the materials, using a radiometer (Demetron/Kerr, Danbury, CT, USA). During the experiment the light irradiance was maintained at 600 mW/cm 2 . Human premolars, extracted for orthodontic reasons, were used. After extraction, the teeth were immediately stored in cold, distilled water at about 4℃ for 1 to 2 months before use. Ten specimens were made for each material, storage period and property investigated. All procedures, except for cavity preparation and mechanical testing, were performed in a thermo-hygrostatic room kept at 23±0.5 ℃ and 50±2 % relative humidity. The results were analyzed statistically using the 
Summed marginal-gaps in dentin cavities.
Each tooth was embedded in slow setting epoxy resin (Epofix Resin, Struers, Copenhagen, Denmark). A flat surface of dentin was obtained by grinding the tooth with wet silicon carbide paper (#220). Then, a cylindrical cavity was prepared with a tungsten carbide bur (200,000-rpm) and a fissure bur (8,000-rpm) under wet conditions to a depth of approximately 1.5 mm with a diameter of 3.5 mm. One cavity was prepared in each tooth in the coronal region and medial surface [12] . A total of 140 cavities were prepared in 140 teeth for this study.
Prepared cavity surfaces (n = 10) were treated with the conditioner/primer according to each manufacturer's instruction as described in Table 2 .
The appropriate luting agent (Table 1 ) was applied in the treated cavity using a syringe tip (Centrix C-R Syringe System, Centrix, Connecticut, USA), then covered with a plastic strip and exposed to a visible light source for 40 s. The PermaCem, Fuji Cem and Fuji Plus restored specimens were stored in an incubator at 37℃ and 100% relative humidity for 5 min after mixing, because these luting agents were self-setting.
The surface was finished either immediately after light-activation (or setting), or after storage in distilled water at 37℃ for 24 h. Excess luting material was removed with a tungsten carbide bur and by wet grinding with silicon carbide paper (# 1000), followed by polishing with linen with an aqueous slurry of 0.3 µm aluminum oxide (Alfa Micropolish, Buehler Ltd., Chicago, USA) and rinsing with distilled water immediately after polishing.
Each restoration margin was inspected under a traveling microscope (400×, Measurescope, MM-11, Nikon, Tokyo, Japan) for the presence, location, and the extent of marginal gaps. The maximum gap width and the opposing width (if any) between the material and the cavity wall were measured using an optical microscope, as previously described [8, 9, 12, 14, 16] , either at a time of 3 minutes from start of light-activation or after storage in distilled water at 37℃ for 1 day. The sum of these two measurements was defined as the marginal gap in that tooth cavity. For the 10 specimens examined per material, as some specimens would have zero marginal gaps, an overall sum was calculated as the total marginal gap for the group.
Marginal gaps in Teflon cavities immediately after setting.
Since Teflon does not react with luting agents, it was used as a mold to measure the degree of setting shrinkage (immediately after setting) of the luting agents. Each prepared Teflon mold (n = 10), with a depth of 1.5 mm and a diameter of 3.5 mm, was placed on a silicone oil-coated glass plate, and filled with luting agent using a syringe tip, then covered with a plastic strip until set. After setting, the degree of the setting shrinkage was determined as previously described [12, 16] , again at a time of 3 minutes from start of light-activation. The sum of the maximum gap-width and the opposing gap width (if any) was expressed as the marginal gap in the Teflon cavity.
Changes in dimension and mass after 24 h water storage.
To estimate the extent of 24 h hygroscopic water-uptake, cylindrical specimens (n=10) were studied, (3.5 mm diameter and 1.5 mm height), immediately after setting and after 24 h water storage. Changes in diameter, at a fixed point, and mass were measured over 24 h, respectively, with a micrometer (Digimicro MU-1001B, Nikon, Tokyo, Japan) and an electric balance (Analytical Balance AJ 100, Mettler, Greifensee, Switzerland, and were expressed as percentages [12] .
Shear bond strengths to dentin.
Bond strengths to flat dentin surfaces were determined both immediately after light-activation (or setting) and after 24 h distilled-water-storage at 37℃. The specimens (n= 10/group) were obtained from human premolars embedded in slow-setting epoxy resin (Epofix Resin, Struers, Copenhagen, Denmark) and flat dentin surfaces were obtained by grinding with wet silicon carbide paper (# 1000), then treated with the conditioner/primer according to the manufacturer's instructions, as described above. Each luting material was placed into Teflon molds (3.6-mm diameter, 2.0-mm height) set on the dentinal surface, and hardened as described above. The specimens thus obtained were mounted on a testing machine (5565, Instron, Canton, MA, USA), and shear stress was applied at a cross-head speed of 0.5 mm/min. After the shear measurements, all the failed specimens were analyzed utilizing a light microscope (4×) (SMZ-10, Nikon, Tokyo, Japan) to determine the nature of their fractures [9, 12] .
Flexural strength and flexural modulus of elasticity.
Teflon molds (25×2×2 mm) were used to prepare flexural specimens (n=10 /group).
Bistite II, Chemiace II, Compolute and XenoCem were cured in three overlapping sections, each cured for 40 s. PermaCem, Fuji Cem and Fuji Plus were hardened as described above. Flexural properties were measured, both immediately after setting and after 24 h storage, using the three-point bending method with a 20 mm-span and a load speed of 0.5 mm/min (5565, Instron, Canton, MA, USA) outlined in ISO 9917-2 (1996) and the flexural modulus was calculated (Software Series IX, Instron, Canton, MA, USA).
Scanning electron microscopy.
Fourteen human premolars were divided into seven groups (n=2). Bonded-specimens were prepared, following the procedure described above, and were embedded in slow-setting epoxy resin (Epofix Resin, Struers, Copenhagen, Denmark) then sectioned using a low-speed diamond saw (Isomet, Buehler, Lake Bluff, IL, USA). The sectioned specimens were polished with silicon carbide paper (# 2000) and immersed in 40 wt% hydrochloric acid (HCl) for 10 s, followed by immersion in 10 wt% sodium hypochlorite (NaOCl) for 4 h. They were then rinsed with distilled water, stored in a desiccator overnight to dry and then gold sputter-coated. SEM examinations were undertaken on the cross-sectional luting agent/dentin interface areas with an S-430 microscope (HITACHI, Tokyo, Japan). Table 3 presents the data for the summed marginal-gaps observed in the tooth cavity groups for the two time points (immediate and after 24 h storage). The data mean was not used because many specimens had no gaps. Therefore, the overall sum of data was used [12] . For all products, except Compolute, significant differences (p<0.05) were observed between the immediate and 24 h storage results. Immediately after setting, six cements, had summed marginal gaps from 23 to 121 µm, and of these, almost none had no gaps. After 24 h, 6-28µm summed gap-widths were found and the number of individual specimens having no gaps increased. After 24 h, there were no statistically significant differences between the seven luting cements. Table 4 
RESULTS

DISCUSSION
This study demonstrated that polishing of all examined luting cements, except for
Compolute, should not be performed immediately after the filling and setting procedures but should be delayed to a later time to prevent marginal gap formation between the luting material and the dentin cavity. In contrast to summed marginal-gaps of circa 20-120 µm, when the specimens were polished immediately after setting, gap-widths were almost zero or very small when specimens were polished after 24 h water-storage. During the initial stage of the light-activated setting process, the shrinkage-strain or stress of filling or luting materials may have a greater effect on the marginal-gap formation in dentin cavities than the bond strength to the dentin structure [8, 9, [13] [14] [15] [16] . The marginal-gap between tooth structure and luting agent is frequently the result of polymerization shrinkage of a thin film of luting agent. Therefore, during the initial setting, a marginal-gap will form if adhesion between the tooth and luting cement does not compensate for the luting cement shrinkage-stress [10, 12] . have a greater effect on marginal integrity than bond-strengths.
The summed gap-width for PermaCem was the largest of all the cements, at both time points, but it is not too easy to identify the reason for this in terms of the other properties studied.
The immediate shrinkage-strain was not significantly different compared with those of Bistite II,
Compolute and XenoCem. Its bond-strength was not significantly low, and the failure pattern was almost entirely due to cohesive fracture. However, the immediate flexural modulus of PermaCem was the lowest of these cements, but increased approximately eight-fold with 24 h storage. The modulus represents the material stiffness [12, 22] , and the low immediate value may be due to low immediate polymerization of the material. In the other cements, the elastic modulus increased by only two-or three-fold after 24 h storage. Therefore, the PermaCem/dentin interface may have been destroyed by the polishing procedure due to insufficient immediate setting, [12] .
Similar reasoning would explain the poor performance of Fuji Cem, which exhibited a five-fold increase in modulus over 24 h.
For all the luting cement specimens, more than half had no gap after 24 h storage. The reasons for this were the improvements over 24 h in bond-strength [9] or setting [1] of the luting agent/dentin interface and by the increase in flexural modulus. RMGIC materials may possibly be protected against interfacial rupture because of their significantly higher hygroscopic expansion than resin-composite or compomer cements.
The expanded RMGIC luting cement may act as a buffer for the interface because of its greater compliance, equivalent to the low flexural modulus [12, 20] . Over 24 h the RMGIC/dentin interface improved in terms of bond -strength and RMGIC flexural strength, and there was no significant change in fracture mode. In RMGICs and XenoCem cases, possible reasons for improvement over 24 h were thus: (1) hygroscopic expansion of the luting material itself [12, 23] , (2) reduced setting stress due to water absorption [24] , and (3) improved bonding ability or setting during water storage.
Although, the hygroscopic expansion of RMGICs may be of some clinical benefit in relation to marginal integrity of composite inlays, in other cases it is definitely countered through the adverse effect of excessive hygroscopic expansion on fractures of ceramic inlays and crowns or occlusal disturbance to restorations or cracking of teeth [25] .
After 24 h all the luting cements investigated showed almost zero marginal gap-width, and the changes in mechanical strength over 24 h were generally similar to those seen with restorative materials [8. 9] . However, over 24 h the flexural strengths of Chemiace II and XenoCem decreased significantly, although their bond strengths and flexural moduli increased.
The reason is unclear, although it may have been caused by hydrolysis.
Because Bistite II, Compolute and PermaCem had an almost zero or a very low hygroscopic expansion and showed the highest flexural modulus, the difference in dimensional change may have been directly responsible for the rupture of the bond between cement and tooth. Chemiace II and XenoCem may be protected against rupture of the interface because they had significantly greater hygroscopic expansion than the other resin cements (Bistite II and Compolute) or compomer product (PermaCem). The expanded luting agent may act as a buffer for the interface because of the compliance associated with the, previously mentioned, low flexural modulus.
The SEM examination did not show any significant differences in thickness among all luting cements, although hybridized dentin was observed at the luting cement/dentin interface [26] .
This suggested that the thickness of the hybridized dentin had little or no effect on the bonding strength to the dentin substrate.
This study examined three types of commercially available luting cements for marginal adaptation to dentin cavities. Despite important differences in performance, Bistite II, Compolute and PermaCem had similar properties in hygroscopic-expansion, bond -strength and flexural-modulus, and the similar filler/matrix ratio may explain these features. Chemiace II and XenoCem had near or similar properties, in hygroscopic expansion, flexural strength and modulus. This may be caused by the water uptake into the matrix, forming a poly-HEMA complex [5, 12] . Water sorption and hygroscopic expansion of RMGICs may be useful in reducing setting-stress and in improving marginal seal [8] [9] [10] .
Investigating marginal gap-width after 24 h storage, for luting cements, had considerable value, as was also found in studying various types of restorative filling materials [9] . The greater marginal integrity of luting cements resulted from harmony between: good bond-strength and low setting shrinkage for resin cements, or possibly some hygroscopic expansion for RMGICs.
But directly studying marginal integrity of all luting cements in dentin cavities over 24 h was very useful in simulating clinical conditions. From this, it was found advisable not to polish immediately after cementing. The polishing or further restoration procedures should be performed after a delay period.
A more extensive approach to the evaluation of sealing efficacy with different types of commercially available luting agents would require longer-term durability testing or load-cycling.
Further investigation with additional luting products would be beneficial, since only two or three
of each product type was tested in this study.
CONCLUSION
The immediate summed gap-widths of all luting agents ranged from 11 to121 µm. They were significantly smaller after 24 h storage. The shear bond strength, the flexural strength and modulus increased significantly after 24 h storage. These mechanical properties were closely related to their marginal adaptation to dentin cavities and have important roles in determining their marginal gap widths. The benefit of delaying the polishing or restorative procedure after one-day storage on three types of luting agent was shown. 
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